2. The planktonic crustacean Daphnia produces long-lasting resting eggs to endure winter freezing and summer droughts and requires microbiota for growth and reproduction. It is unknown how hatchlings from resting stages form associations with microbial consorts after diapause.
same host (Ferrari & Vavre, 2011; Salem et al., 2015) . The relative importance of differently transmitted members of a diverse symbiont community to host performance has not been well quantified in any system and might depend a great deal on the ecology of the particular system, for example, population density, social structure, behaviour or diet. Variation in these factors might affect the way a host organism interacts with potential sources of microbiota.
A distinctive ecological feature of many plants and animals is the presence of dormant or diapausing stages (e.g. seeds, cysts or resting eggs) that allow survival through inhospitable environmental conditions and often enable dispersal to new habitats. While in many systems, some vertical transmission of microbiota can be assumed due to physical proximity of parents and offspring (Dethlefsen, McFall-Ngai, & Relman, 2007; Salem et al., 2015) , this assumption may not hold in the same way for diapausing organisms, which can be extremely separated in both time and space from their parents (Hairston, 1996) .
Microbial communities may be altered during diapause; furthermore, the spatial autocorrelation between host genotypes and pools of microbes available for horizontal acquisition can be weakened or lost.
Therefore, it is of particular interest to understand how an organism emerging from diapause establishes essential microbiota.
Beneficial microbes from the parent might persist in association with the resting stage, perhaps entering a dormant state themselves.
Alternatively, the host organism might be required to find beneficial microbes in its new environment immediately after emerging from diapause. Both scenarios have been observed in plants: some plants transmit fungal symbionts into seeds, albeit with imperfect maintenance, while others form new associations after germination (Afkhami & Rudgers, 2008; Hodgson et al., 2014; Rodriguez et al., 2009 ). The two scenarios have different implications. If the necessary beneficial microbiota are transmitted by the parent into the resting stage, then the micro-organisms can be considered a form of parental effect or a source of heritable nongenetic variation in their host (Badyaev & Uller, 2009; Zilber-Rosenberg & Rosenberg, 2008) . The occurrence of microbial transmission through resting stages would also support the often untested assumption that the microbial symbionts are deriving a benefit from the association , since host and symbiont reproduction would be linked across host generations. Where the host is dependent on acquiring beneficial microbes from the environment after dormancy, we would expect low taxonspecificity in the host-microbe association, because selection would disfavour reliance on specific microbes whose presence is not guaranteed in the environment where hatching occurs. To the extent that the host does have specific requirements of microbial associates, the availability of bacteria able to fulfil these requirements (or the availability of some other source of the services these symbionts provide) would then be a factor determining the suitability of a new habitat for colonisation after dispersal (Pringle et al., 2009) .
Dormancy is widespread among aquatic organisms living in tem-
porary water bodies such as rock pools and bromeliad leaves, as it provides one of the only mechanisms for aquatic organisms to survive the disappearance of the habitat. In this study, we investigated which sources of bacteria were sufficient to ensure the normal functioning of a planktonic crustacean emerging from diapause. The water flea Daphnia magna produces long-lasting resting eggs in response to cues indicating deteriorating environmental conditions (e.g. changes in photoperiod or crowding). These eggs are enclosed in a case called an ephippium derived from the mother's carapace (Figure 1 ). The eggs inside the ephippia can survive in pond sediments for up to hundreds of years, tolerating drying, hypoxia and various types of chemical stress, but often hatch as soon as the environmental conditions become favourable again, for example, after the winter. (The resting stage is actually an embryo arrested in a c. 1,000-cell early gastrula stage (Baldass, 1941 ), but we use the term "resting egg" following conventional practice. Note also that we use "egg" to refer to only the embryo, not to the entire ephippial structure; see Figure 1 ). Apart from occasional vertically transmitted microsporidian parasites (Sheikh-Jabbari et al., 2014) , our previous studies did not detect any intracellular symbionts in resting eggs. We found a strong requirement for extracellular microbiota in Daphnia fitness (Sison-Mangus, Mushegian, & Ebert, 2015 ), but we did not explicitly investigate the relative importance of various plausible natural sources of microbiota in providing this benefit.
Here, we set out to answer three questions: (i) Which, presumably vertically acquired, bacteria are present inside the closed ephippium? of normal performance. This suggests that, while an animal's external environment is a crucial source of beneficial bacteria, the bacterial component of the environment is readily found in association with the resting/dispersing stage.
| MATERIALS AND METHODS
The ephippia used in this study were collected in bulk sediment samples in a carp pond near Munich, Germany in 2009 (coordinates: 48.206630, 11.705730) . They have since been stored under moist, dark conditions at 4°C. For our experiments, we selected ephippia that appeared to be completely sealed by manually sorting through them and selecting those that did not open when gentle pressure was applied with a metal forceps to the round edge. Ephippia selected for the experiment were stored in 96-well tissue culture plates filled with ADaM and refrigerated until sufficient ephippia were collected for the experiment to be set up; no attempt was made to maintain aseptic conditions during the collection phase.
| Experiment 1
Experiment 1 consisted of six overlapping treatments representing increasingly diverse and abundant sources of bacteria (summarised in Table 1 ). The STE (sterile) treatment consisted of eggs removed from ephippia (decapsulated; Figure 1 ) and directly treated with 5% hypochlorite (household bleach) for 5 min, as in previous studies (Retnaningdyah & Ebert, 2016; Sison-Mangus et al., 2015) , then rinsed and placed in wells containing sterile artificial Daphnia medium (ADaM, Ebert, Zschokke-Rohringer, & Carius, 1998) . In the VRT (vertical) treatment, eggs were left inside ephippia, but ephippia were surface-sterilised with 1.25% hypochlorite for 2 min and placed in sterile ADaM. This milder sterilisation treatment was used to avoid the ephippium opening, but it nevertheless appeared to effectively remove bacteria from the outer surface of the ephippia while preserving those inside (see sections on sequencing). In the EPH (nonsterile ephippium) treatment, ephippia were not surface-sterilised but were rinsed by flushing with sterile water and placed in sterile ADaM. In the NST (nonsterile environment) treatment, water-rinsed ephippia were placed in nonsterile ADaM, which had been exposed to the laboratory environment for 1 week. In the OCC (previously occupied medium) treatment, water-rinsed ephippia were placed in ADaM that had been previously occupied by live Daphnia for a week. Finally, in the DAPH (Daphnia microbiota) treatment, water-rinsed ephippia were placed in wells supplemented with a homogenate of whole adult Daphnia with a normal microbiome (as in Sison-Mangus et al., 2015) .
All procedures necessitating sterile conditions were carried out under a laminar flow hood. All ephippia were rinsed with sterile ADaM in one batch, then sequentially divided into six groups, which were then randomly assigned to treatments. Ephippia assigned to treatments EPH, NST, OCC and DAPH were placed individually into wells of 96-well tissue culture plates containing 200 μl of the corresponding hatching medium. Ephippia assigned to the VRT treatment were treated with 1.25% hypochlorite (diluted household bleach) and rinsed by adding and removing sterile ADaM twice, then distributed to wells containing sterile ADaM. Ephippia assigned to the STE treatment were briefly soaked in 5% hypochlorite to cause the ephippia to open; the eggs were then extracted and directly exposed to 5% hypochlorite for 5 min followed by washing three times. All of plates in which ephippia were hatched contained all of the treatments in randomly assigned rows. Plates were placed under a fluorescent lamp with daylight spectrum to induce hatching.
After approximately 60 hr, a time point at which 17%-31% of ephippia or eggs had hatched in each treatment group, 15-20 randomly selected newly emerged neonates from each treatment group were transferred from hatching plates into individual sterile rearing jars containing 80 ml autoclaved ADaM and previously shaken to aerate. Jars were kept at 20°C with a 16:8 hr light:dark cycle. Each jar was fed 8.75,
T A B L E 1 Treatments in Experiment 1

Treatment Ephippium
Hatching medium Assumed bacterial sources were not ultimately used for this purpose due to poor overall DNA yield.
| Experiment 2
In Experiment 1, the greatest increase in fitness compared to bacteriafree animals occurred when animals were exposed to unsterilised ephippia. To confirm this, and to eliminate the possibility that the chemical sterilisation treatment itself contributed to the fitness loss, we performed Experiment 2 (summarised in Table 2 ). Here, all eggs used were decapsulated and surface-sterilised, and placed in either sterile ADaM or ADaM supplemented with bacteria. The bacteria used were either from a suspension of whole ephippia crushed in ADaM, or one of two bacterial isolates: Acidovorax sp. isolate ei77 (Betaproteobacteria, Comamonadaceae, Genbank accession number MF138148) or Arthrobacter sp. isolate ei2 (Actinobacteria, Micrococcaceae, Genbank accession number MF138147), previously isolated from neonates newly emerged from ephippia and identified by Sanger sequencing of 16S rDNA. Another treatment consisted of a mixture of Acidovorax and Arthrobacter. In parallel, decapsulated eggs were washed with sterile water and placed in sterile ADaM. All eggs were decapsulated manually using forceps under a dissecting microscope and surface-sterilised with 5% hypochlorite for 5 min, followed by three rinses with sterile water. Untreated control eggs were only washed with water. Eggs were haphazardly distributed to individual wells of flat-bottomed 96-well tissue culture plates containing 180 μl sterile ADaM, and rows of wells were randomly assigned different bacterial treatments. To each well, 25 μl of the corresponding bacterial suspension (or 25 μl sterile ADaM in germ-free treatments) was added.
The bacterial treatments were prepared as follows: Acidovorax and
Arthrobacter cultures were grown in 6 ml liquid LB medium at 30°C
with shaking for 3 days. showed a notable diversity of colony morphologies present, as would be expected from a typical soil sample ( Figure S1 ).
A total of six plates of eggs were produced, with 9-10 eggs in each treatment in every plate. To test the effect of these bacteria on a previously studied microbiota-sensitive trait, hatching success under elevated temperature conditions , plates were placed on a device we constructed that cooled one half of each plate to 20°C and kept the other half at 26-27°C. We counted the number of freely swimming neonates visible to the naked eye (while blinded to the bacterial treatment) 3 and 4 days later and report the total proportion observed across these two observation points. On the fourth day, we randomly selected 12 neonates from each bacterial treatment, from the cool hatching condition only, to continue the experiment. second, sixth, ninth and 11th day of the experiment. On day 11, when many individuals had released offspring, all experimental animals were transferred into new sterile jars before feeding. Mortality and fecundity were monitored as described before. The experiment was terminated on day 15 and surviving animals were measured.
| Characterising ephippia-associated microbiota
The bacterial community associated with ephippia was characterised by high-throughput sequencing of amplicons of the V3-V4 variable region of the 16S ribosomal RNA gene on the Illumina MiSeq platform (Caporaso et al., 2012) . We prepared surface-sterilised and waterrinsed ephippia (n = 12 each) in the same manner as in experiment 1.
As controls to demonstrate the efficacy of surface-sterilisation and the preservation of bacterial DNA inside closed, surface-sterilised ephippia, we also included ephippia that had been opened and steri- Raw reads were quality controlled with FastQC v.0.11.4 (http:// www.bioinformatics.babraham.ac.uk/projects/fastqc). Paired reads were merged (FLASH v1.2.9), primers trimmed (Cutadapt v1.5), and quality filtered . OTU clustering including abundance sorting and chimera removal was performed using the UPARSE workflow (Edgar, 2013) . Only those OTUs represented by five or more reads in the global dataset were included. Taxonomic assignment was performed using UTAX against the Greengenes v13/5 database. Further analyses were performed using the software package Because individual ephippia contain very low bacterial biomass, we paid special attention to the issue of reagent contamination with bacterial DNA (Salter et al., 2014) . We divided samples from all treatments evenly amongst two DNA extraction batches and performed PCRs all in the same batch. We sequenced four reagent-only negative controls from the DNA extraction step (two per day on which extractions were performed) as well as a reagent-only control from the PCR step.
Negative controls clustered separately from samples in NMDS ordination based on Bray-Curtis sequences ( Figure S2 ). Bacterial sequences found in the five blanks were regarded as possible contaminants, and
OTUs from which more than 12 reads total were found amongst all the blanks were excluded from the sample dataset. This criterion may be too stringent, since contaminating bacterial DNA may be very similar on a 16S sequence level to genuinely common environmental bacteria;
for example, we eliminated several Pseudomonas sp. OTUs from the dataset based on their prevalence in negative controls, despite being able to culture Pseudomonas from the ephippia and ex-ephippial animals. [Pseudomonas is a large genus in which lack of resolution based on 16S sequences is known (Ait Tayeb et al., 2005) .]. Nevertheless, sequences belonging to the excluded OTUs made up on average 5.6% of sample reads and no more than 16.5% in any of the samples. ADONIS analysis using Bray-Curtis distances showed that there was no significant difference in community composition between batches either before or after removing contaminant OTUs (p > .6 for all).
We also compared opened, surface-sterilised ephippia (sterilisation controls) with the extraction blanks to see if any bacterial taxa from the ephippial surface were not completely removed by the surfacesterilisation treatment. The sterilisation controls clustered with extraction blanks in NMDS ordination ( Figure S1 ). DESeq analysis (see below) did not reveal any taxa that were significantly (adjusted p-value <.05) overrepresented in sterilisation controls compared to DNA extraction controls, so we assume that incomplete surface-sterilisation of closed ephippia does not affect the interpretation of our results.
We used the implementation of DESeq2 v1. Schaer, D. Ebert, submitted). Representative OTU sequences from our study and the previous study were aligned with PyNAST (Caporaso et al., 2010) against the Greengenes reference set implemented in MacQIIME v. 1.9.1 and then filtered using the Greengenes lanemask.
A tree was constructed using RaXML (v8.1.21) from the filtered alignment and an archaeon, Methanobrevibacter smithii (Genbank accession # CP000678) was used to root the tree.
| RESULTS
In Experiment 1, totally germ-free animals (STE) had the highest mortality, consistently with previous experiments (Callens et al., 2015;  Sison-Mangus et al., 2015); all had died within a week. Animals from surface-sterilised ephippia (VRT) had higher survival but only one individual had reproduced by 21 days old (normally one would expect the first brood around 8-12 days), and animals were significantly smaller than the remaining treatment groups (Figure 2 ; Table 3a ).
The remaining treatment groups, which all had in common the presence of bacteria on the outer surface of the ephippium from which they emerged, had similar rates of growth, survival and reproduction (analysis of variance on fecundity data including zeros: df = 4, F = 0.96, p = .44). Culturing bacteria from homogenised 5-day-old animals revealed considerable variation in the number of culturable bacteria present between individuals, but no strong pattern of differences in abundance between nonsterile treatments (Table 1) . Dead germ-free animals were confirmed to have no culturable bacteria present, except for one fungus-like colony on one technical replicate plate. In the VRT treatment group, one out of the three biological replicates had zero culturable bacteria present. We also plated a sample of the culture medium ADaM from an empty (animal-free) bottle to which we had added algal food in parallel to the experimental bottles as a control. This bottle contained a high concentration of a bacterium identified by Sanger sequencing of 16S rDNA as similar to Methylobacterium radiotolerans, a common airborne contaminant.
Since this was not detected in the bacteria-free animal samples, we think it is likely that this bacterium represents chance contamination of the single control bottle.
To confirm that ephippia-associated bacteria were sufficient for restoration of a normal microbiota-carrying phenotype, we performed a second experiment ( Table 2 ). The overall performance of all groups in this experiment was better than in Experiment 1 (animals in Experiment 1 took a week longer to achieve comparable body sizes and reproductive output to those observed in Experiment 2), but the patterns of differences between treatments were consistent with the first (Figure 3 ; Table 3b ), with the total bacteria-associated community restoring normal daphnid functioning. In Experiment 2, we standardised the treatment of eggs by decapsulating and surfacesterilising eggs in all treatments, and then exposed them to a suspension obtained by crushing ephippia or to pure cultures of two bacterial strains isolated from ex-ephippial neonates. These strains were identified by Sanger sequencing as Arthrobacter sp., which matched one of the taxa overrepresented on the outside of ephippia (100% sequence match to OTU#19), and Acidovorax sp., which was present in a majority of surface-sterilised ephippia (97.4% sequence match to OTU#27, though the representative OTU from the Illumina sequencing was classified as Rhodoferax) (see Table 5 ). Both of these strains also had >98% sequence identity with strains that had previously been isolated in culture from lab-or field-collected Daphnia (E. Burcklen, M. Sison-Mangus, A. A. Mushegian, D. Ebert, unpublished data). We also included an "untreated" group in which eggs were decapsulated F I G U R E 2 Experiment 1: Size and reproductive success of animals surviving to 21 days after treatment with different bacterial sources. STE = Sterile, VRT = Vertical, EPH = nonsterile ephippia, NST = Nonsterile medium, OCC = Daphnia-occupied medium, DAPH = Daphnia microbiota; see Table 1 for detailed description of treatments. None of the STE animals were alive at this point. Average number of free-swimming offspring of individuals who reproduce: VRT = 6; EPH = 9.7, SE 2.7; NST = 5.1, SE 0.85; OCC = 5.6, SE 1.5; DAPH = 7.3, SE 3.1. Analysis of variance of size data: Treatment p = 1.22e−6. Tukey's Honest Significant Difference test reveals significant difference (p < .001) between VRT and all other groups; no other contrasts are significant 
Reproduced
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but not surface-sterilised or re-exposed, only rinsed with sterile water and hatched in sterile medium. The germ-free and untreated animals had similarly low fitness, failing to reach reproductive age, as in our previous study (Sison-Mangus et al., 2015) . There were also no culturable bacteria recoverable from the untreated animals at 5 days old on either LB or R2A medium (Table 2 ). Exposure to Acidovorax improved survival and growth over germ-free conditions, but the animals exposed to this bacterium either singly or in combination with Arthrobacter were c. 30% smaller than animals exposed to ephippial bacteria, and only two individuals (both in the Acidovorax + Arthrobacter exposed group) had produced eggs (but no neonates) by the end of the experiment.
Exposing animals to the suspension of bacteria from whole ephippia restored fitness, including improving rates of hatching from ephippia ( Figure 4 ; Table 4 ). All animals except for one individual had produced first clutch eggs by 9 days old and had released one or two clutches of live neonates by the time the experiment was terminated at day 14.
We focused our sequencing efforts on surface-sterilised versus "natural" ephippia and provide two lists of candidate taxa for future experiments: those consistently found across a majority of ephippia even after surface-sterilisation, and those overrepresented on the outer surface ( Figure 5 ; Table 5 ). Both lists contain a number of common soil bacterial genera, such as Acidobacteria, as well as taxa previously found at high abundances in adult Daphnia ( Figure 5 ; Qi et al., 2009) , such as various strains of the Comamonadaceae family.
| DISCUSSION
We asked the question: how is a hatchling from a resting stage, removed in space and time from its mother, able to acquire essential symbionts for normal development and function? The conclusion from our study is that field-collected resting stages, including their exterior and interior, are associated with sufficient beneficial bacteria for normal host growth and development, even after years of storage. We also found that the assumed vertically transmitted fraction of this bacterial community is insufficient for normal hatchling fitness. Further sources of environmental bacteria beyond those associated with the ephippium do not provide additional benefits. It remains unclear what the identity and ultimate sources of the host essential microbial taxa are, though we provide some candidates.
The inconsistent presence of culturable bacteria in 5-day-old animals emerging from surface-sterilised resting stages (ephippia) both confirms previous observations that ephippia at least occasionally have bacterial cells on their inner surfaces (Schultz, 1976) , while also hinting that some ephippia might have few or no viable bacteria inside, despite the presence of bacterial DNA as revealed by PCR and sequencing. This situation could be comparable to plants occasionally losing seed-transmitted fungal endophytes (Afkhami & Rudgers, 2008) . The combined evidence from this and our previous study (Sison-Mangus et al., 2015) suggests that sufficient bacteria do not reliably adhere to the surfaces of decapsulated resting eggs and that whatever bacteria are present inside the ephippium are apparently lost when the egg is removed from the ephippium. Researchers who wish to avoid using harsh chemicals while investigating the effects of microbiota on Daphnia might consider using decapsulated resting eggs washed with sterile water and raised in sterile medium as their model for bacteria-deficient animals, though more tests would be required to evaluate the variability resulting from this procedure.
Sampling and plating water from the bottles of animals exposed to ephippia-associated bacteria (Experiment 2) showed that the bacteria initially carried on the animals could also persist in the external medium, suggesting that the bacteria associated with ephippia are not necessarily dependent on Daphnia but are rather in flux with the environment, similarly to observations in Drosophila (Blum et al., 2013; Wong et al., 2015) .
We had previously observed that bacteria can be beneficial for embryonic development of resting eggs at elevated temperature ), but did not know whether any bacteria found in the natural environment of resting eggs would have this effect. The marginally significant effect of exposure to Acidovorax on hatching rates at warmed temperature and the improvement in survival and growth Acidovorax-exposed animals suggest that bacteria internal to ephippia may be beneficial to Daphnia even if they are not sufficient on their own for normal functioning or always viable inside ephippia after a long diapause. Similar OTUs (96%-100% sequence identity) have been detected in association with Daphnia parthenogenetic embryos and adults (unpublished data). The other bacterial strain we tested, Arthrobacter, was not recovered in culture from the bodies of two 5-day-old animals; this group did not exhibit any significant fitness benefits over the bacteria-deficient groups.
This suggests that Arthrobacter failed to stably colonise the animals in this experiment, despite matching an OTU (OTU 19) that F I G U R E 5 Relationships of ephippia-associated bacteria to bacteria found in lab-reared adult Daphnia in a previous study (OTUs shown in black font). Green text represents OTUs from surface-sterilised ephippia (Table 5a) while orange text represents strains overrepresented on outer ephippial surfaces (Table 5b) [Colour figure can be viewed at wileyonlinelibrary.com] T A B L E 5 Sequencing results. (a) Bacterial OTUs (defined by 97% sequence similarity) detected in at least half of surface-sterilised ephippia. All listed taxa were assigned with a confidence level of at least 0.9 to GreenGenes taxonomy; lower taxonomic levels that could not be assigned with this level of confidence were omitted. (b) Bacterial OTUs overrepresented on outside surfaces of ephippia, as determined by DESeq analysis of surface-sterilised versus natural ephippia. All listed taxa were assigned with a confidence level of at least 0.9; lower taxonomic levels that could not be assigned with this level of certainty were omitted. Consensus 16S sequences for these lists of candidate taxa can be found in the Dryad depository https://doi.org/10.5061/dryad.c57t1 is overrepresented on the outer ephippial surfaces. The mixture of Acidovorax and Arthrobacter was less effective than Acidovorax alone at enhancing hatching rates but equally effective at promoting survival and growth. In an additional parallel to other animal systems, the two strains tested here showed a similar difference in efficacy to broadly taxonomically related strains used in an experiment with larvae of the mosquito Aedes atropalpus. In that study, a Micrococcineae strain isolated from mosquitoes failed to rescue survival of mosquitoes to adulthood, while a Comamonadaceae strain had a rescue effect equivalent to nonsterile rearing (Coon, Brown, & Strand, 2016) . It would be interesting to see if there are conserved patterns of interactions between aquatic invertebrates and broad taxa of aquatic bacteria.
Both the inner and outer surfaces of ephippia are associated with genera of bacteria commonly identified in studies of the microbiota of adult Daphnia ( Figure 5 ). Of particular interest in both lists are sphingolipid-producing bacteria, Sphingobacterium (Bacteroidetes)
and Sphingomonas (Alphaproteobacteria). Sphingolipids are ubiquitous structural and signalling molecules among eukaryotes but are only found in these two clades of bacteria, where their functions are poorly understood. Sphingolipids of host-associated Bacteroidetes modulate mammalian immune systems and influence multicellular development in choanoflagellates (Alegado et al., 2012) . Sphingobacteria also affect the morphological development of macroalgae by an unknown mechanism (Marshall et al., 2006) .
Sphingomonads are mostly known as ubiquitous environmental bacteria but also protect plants against pathogens, possibly by priming the immune system (Innerebner, Knief, & Vorholt, 2011) . It would be interesting to see whether these taxa are involved in providing signals related to growth and development in environmentally sensitive aquatic crustaceans.
We initially assumed that the bacteria enclosed in surface-sterilised ephippia would be those acquired from the mother at the time that the ephippium was deposited, while the outer surface would contain primarily environmental bacteria acquired while the ephippia were resting in sediment or being handled in the laboratory. Our sequencing results show that this distinction is not so clear-cut. One of the most abundant bacterial taxa detected in surface-sterilised ephippia was
Thiobacillus sp., a sulphur-oxidising bacterium that is not commonly associated with Daphnia or other hosts. This suggests either that ephippia are permeable to bacteria after deposition, or that the ephippium captures a sample of pond water as it is deposited, in which the relative abundances of different taxa subsequently change. If seemingly closed ephippia are partially permeable, it is possible that our surface-sterilisation treatment could have partially altered the internal community in addition to the alterations that the internal community undergoes after deposition. Given these issues, we cannot say with certainty whether the beneficial microbiota associated with untreated natural ephippia are primarily of maternal or environmental origin.
Microbial source tracking and visualisation technology-deployed over T A B L E 5 (Continued) months or years, to approximate the ecological challenges undergone by these organisms-would be helpful for more precisely answering this question.
Overall, our findings suggest that it is unlikely that ephippia function as a place to preserve specific beneficial maternal microbiota, especially since we observe that ephippia collected from natural settings are frequently incompletely closed or partially degraded. While some bacteria on the outer surface of the ephippium are similar to those found in adult Daphnia and could potentially originate from the mother, they are also exposed to ecological interactions ( from a source environment might co-disperse, resulting in occasional patterns of co-occurrence that could be detected with methods being developed in microbial biogeography (Falush et al., 2003) .
Co-dispersal could also possibly result in alterations in the microbial ecology of the new habitat that subsequently affect host survival, for example, by "seeding" the new environment with food bacteria (Stallforth et al., 2013) , horizontally transmissible symbionts (Frank et al., 2009) , or pathogens novel to the native inhabitants (Vilcinskas et al., 2013) . Such effects could potentially be considered "niche construction" according to some formulations (Laland et al., 2015) .
Co-dispersal of multiple organisms, even if not driven by specific host adaptations selected to maintain this co-dispersal, has been implicated in successful biological invasions (Simberloff & Von Holle, 1999) .
Taken together, our results show that bacteria are crucial for normal Daphnia growth and development but are readily available even to hosts emerging in unfamiliar circumstances from a long diapause, despite the apparent absence of parental mechanisms for guaranteeing transmission of specific bacteria through this long separation. We cautiously speculate that strong dependence on relatively nonspecific bacteria in the environment might be particularly common amongst aquatic animals. Experimental studies have shown that the absence of bacteria is lethal (i.e. animals do not survive to reproductive stage or fail to reproduce) in larval zebrafish (Pham et al., 2008) , Daphnia (Callens et al., 2015; Peerakietkhajorn, Tsukada, et al. 2015; SisonMangus et al., 2015) , Hydra (Rahat & Dimentman, 1982) , and the aquatic larvae of mosquitoes (Coon et al., 2014 (Coon et al., , 2016 . In contrast, fitness effects of germ-free status in Drosophila and mice are comparatively less drastic (Erkosar et al., 2013; Smith, McCoy, & Macpherson, 2007) . Part of this difference undoubtedly has to do with the limited range of conditions under which experiments have been conducted; technical changes in experimental conditions can alter the severity of these effects, for example, in zebrafish (Rendueles et al., 2012) , and it is difficult to make direct comparisons across systems. But we also We see, however, that not all strains associated with ephippia have equal fitness-restoring effects-Arthrobacter failed to stably colonise Daphnia, and animals exposed to this species did not receive any benefit compared to germ-free animals. Similarly, closely related strains of Limnohabitans bacteria appear to vary in their colonisation ability and effects on Daphnia fitness (Peerakietkhajorn, Kato, et al. 2015) . The beneficial effects of microbiota on Daphnia likely extend beyond general improvement of health and additionally encompass specific services like degradation of dietary proteins and polysaccharides (Callens et al., 2015; Gorokhova et al., 2015) or detoxification and waste recycling (which might also be particularly important in aquatic settings, where exposure to toxic metabolic waste products is not easily avoided). Possibly, all or most habitats theoretically able to support Daphnia also support microbes able to perform such services. Several studies of mycorrhizal systems have shown that plants are often able to readily form productive partnerships with the fungi found in a new habitat, either because the relationship is generalist (Bruns, Bidartondo, & Taylor, 2002; Peay et al., 2015) or because the fungal strains used by the more specialist taxa are independently geographically widespread (Davis et al., 2015; Davison et al., 2015; Ogura-Tsuita & Yukawa, 2008) . Further work should examine the relationships between Daphnia dispersal and adaptation and local microbial ecology. 
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